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Data from strong gravitational lensing is critically important in this era of precision cosmology. 
Analysis of strong gravitational lensing depends on software analysis of observational data. This 
dissertation includes six studies that serve to compare the results of models using strong 
gravitational lens model software.  
 
In order to identify the software available, we performed a systematic review of 26 lens model 
software packages. Lens models are classified as parametric models or non-parametric models, 
and are further divided into research and educational software. Fourteen of the 26 software 
packages are thoroughly reviewed with regard to software features (installation, documentation, 
files provided, etc.) and lensing features (type of model, input data, output data, etc.) as well as a 
brief review of studies where they have been used. The remaining 12 packages are reviewed in an 
 abbreviated manner because either the software was not functional after download, or the 
software is not available for download and could only be reviewed from existing published reports. 
This is the first systematic review of strong gravitational lens modeling software, and includes 
most of the software being used today for studies of strong gravitational lensing as well as 
software available for demonstration and educational purposes. This review became the core of a 
similar review in an online resource for strong gravitational lens data.  
 
The next study evaluates the behavior of strong gravitational lens modeling software with 
changes in redshift. Four different strong gravitational lens codes are directly compared (Lenstool, 
glafic, GRALE and PixeLens) in the analysis of a mock model and SDSSJ1004+4112. The percent 
change in time delays calculated at each redshift tested are compared with percent change in 
D_{d}D_{s}/D_{ds}. A mock model with a singular isothermal ellipsoid and four images is tested 
with each code. Five models are used with a constant z_{lens} and a varying z_{source}, and five 
models with a constant z_{source} and a varying z_{lens}. In general, the changes in time delay 
are of a similar magnitude and direction, although some calculated time delays did not follow 
changes in D_{d}D_{s}/D_{ds}.  This variation is explained by changes in image position 
calculated by glafic and GRALE, which varied according to D_{ds}/D_{s}. Small changes in 
redshift affect the calculated time delay and mass, and that the effect on the calculations is 
dependent on the particular software used. 
 
The use of multiple lens models may enhance the understanding of a system being studied. 
HydraLens, consisting of about 10,000 lines of Visual Basic code simplifies creation of model files 
for Lenstool, Gravlens/Lensmodel, glafic and PixeLens, using a custom designed GUI for each of 
the four codes that simplifies the entry of the model for each of these codes, obviating the need for 
user manuals to set the values of the many flags and in each data field. HydraLens can also 
translate a model generated for any of these four software packages into any of the other three. 
This software is available for download from the Astrophysics Source Code Library.  
 
The objective of the next study is to directly compare the analysis of four lens systems using four 
lens model software codes to understand the differences and limitations of the models. The 
software lens model translation tool, HydraLens, was used to generate multiple models for four 
strong lens systems including COSMOS J095930+023427, SDSS J1320+1644, SDSSJ1430+4105 
and J1000+0021. All four systems were modeled with four different lens model programs 
including PixeLens, Lenstool, glafic, and Lensmodel. The calculation of the Einstein radius and 
enclosed mass for each lens model was comparable. The results were more dissimilar if the 
masses of more than one lens potential were free-parameters. The image tracing algorithms of 
the software are different, resulting in different output image positions and differences in time 
delay and magnification calculations, as well as ellipticity and position angle. Differences in 
optimization resulted in different results for ellipticity and position angle. In a comparison of 
different software versions using identical model input files, results differed significantly when 
 using two versions of the same software.  
The next study is a comparative study of time delays calculated by four lens model codes for two 
string gravitational lens systems which have been extensively studied in the past, including 
B1608, and RXJ1131. This was performed as a follow-up to the study above where two systems 
were compared using four software codes and gave very disparate results. In this study, both 
systems have been extremely well studied by numerous investigators. For B1608, we used two 
models, one with a single SIE potential and one with two SIE potentials, which closely resembles 
observational data. In the single SIE model, the results are somewhat variable but on the same 
order of magnitude as observational data, and close agreement for the velocity dispersion 
calculations. For the two SIE models, there is also some variation, but the results are somewhat 
similar to those with the single SIE model. The velocity dispersions calculated by the three codes 
are  
 
similar, but the mass of the G2 lens is greater than that from previous studies. The models of 
RXJ1131, all use a single SIE potential, and the results are close to that calculated in previous 
studies. There is fairly close agreement with previous calculations of lens mass. Overall, the 
studies of these two systems showed less variation than that in our previous study of the mock 
model and SDSSJ1004+4112. Further studies will determine the value of H_0 using these models, 
and further refinement of the models.  
 
The next study is a detailed study of MACSJ1149.5+2223, which includes the first observation of 
a GRAvitationally lensed yet MOrphologically Regular image (GRAMOR). The initial part of this 
study is development of the lens models using Lenstool and glafic. The Lenstool model used is 
based on that used in the Hubble Frontier Fields project. The initial phase of the project was 
designed to evaluate the ability of this model to constrain the cosmological parameters by 
evaluating the w_X vs. Omega_m plane. This study showed that the Lenstool model constrains 
the dark energy equation of state parameter in a manner similar to that observed with Abell1689. 
The Lenstool model uses five lens potentials, which are PIEMDs. The first glafic model tested was 
not able to constrain the dark energy equation of state parameter. This model uses an NFW 
potential model. Further studies are pending including refinement of the glafic model, 
representing the GRAMOR image, and then determining whether or not the GRAMOR will 
further constrain the cosmological parameters.  
 
Taken together, the results of these six studies further support the need for future lensing studies 
to include multiple lens models, use of open software, availability of lens model files use in 
studies, and computer challenges to develop new approaches. Future studies need a standard 
nomenclature and specification of software used to allow improved interpretation, reproducibility 
and transparency of results. 
 
 
 論文審査の結果の要旨 
 
 近年、8－10m クラスの大望遠鏡や宇宙望遠鏡に観測によって観測的宇宙論という研究分野が急速に
発展してきたが、その中で重力レンズが重要な役割を果たしている。重力レンズは従来の方法では直
接観測できない暗黒物質や暗黒エネルギーの観測を可能にする。特に銀河団中に観測される背景天体
の多重像やアーク状像から銀河団中の質量分布と宇宙の膨張速度や加速度を決める研究が数多くの研
究グループによって行われている。しかしそれぞれのグループの使用する解析プログラムの違いによ
って結果がそれぞれ異なることがある。本論文ではこれまで使用されてきた解析プログラムをいくつ
かの同一天体に適用し、これらの解析プログラムの比較検討を行った。その結果、背景天体の赤方偏
移のわずかな違いによってイメージの位置の違いがわずかであってもいくつかの観測量に大きな違い
が現れることを見出した。これによって重力レンズ天体の観測ではイメージの位置だけではなくイメ
ージ間の変光の時間差などの観測も正確に行う必要があることが明らかになった。また本論文では銀
河団に現れる非常に大きく拡大されるが形状のゆがみがほとんどないレンズ現象に着目し、そのよう
なレンズ現象によって暗黒エネルギーの性質に対して規模しい制限が与えられる可能性を指摘した。
以上の結果はすでに学術論文に 2編掲載されている。 
以上の論文の内容は、著者が自立して研究活動を行うに必要な高度の研究能力と学識を有すること
を示している。したがって、レフォー、アラン提出の博士論文は、博士(理学)の学位論文として合格
と認める。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
